Introduction
============

Directed cell migration is a critical feature of several physiological and pathological processes, including development, wound healing, atherosclerosis, immunity, angiogenesis, and metastasis. The migratory response involves actin cytoskeleton reorganization, polarization, cell adhesion, and detachment. Thus, migration requires cell communication with adjacent cells and with extracellular matrix components (ECM), and is triggered by a gradient of chemotactic factors, such as platelet-derived growth factor (PDGF; [Hynes 1992](#Hynes1992){ref-type="bib"}; [Kundra et al. 1994](#Kundraetal1994){ref-type="bib"}; [Huttenlocher et al. 1995](#Huttenlocheretal1995){ref-type="bib"}). Among the pathways triggered by PDGF receptor (PDGF-R) stimulation, previous studies point to phosphoinositide 3-kinase (PI3K) and the small G proteins of the Rho family, Rac, as essential components mediating PDGF-induced actin cytoskeletal reorganization and cell migration ([Fruman et al. 1998](#Frumanetal1998){ref-type="bib"}; [Hall 1998](#Hall1998){ref-type="bib"}; [Heldin et al. 1998](#Heldinetal1998){ref-type="bib"}).

Class IA PI3Ks are heterodimers composed of a regulatory (p85) and a catalytic (p110) subunit that phosphorylate phosphoinositides at position 3 of the inositol ring. These products, which are present at a low concentration in resting cells, increase after stimulation with various growth factors including PDGF ([Panayotou and Waterfield 1992](#PanayotouandWaterfield1992){ref-type="bib"}; [Fruman et al. 1998](#Frumanetal1998){ref-type="bib"}). Activation of PI3K mediates cell survival and division, but also participates in regulating cytoskeletal changes, such as PDGF-induced lamellipodium formation ([Wennström et al. 1994a](#N0x314a790N0x294fe60){ref-type="bib"}).

The small G proteins of the Rho family also play an essential role in regulating actin cytoskeleton dynamics. Small G proteins are activated by the exchange of bound GDP for GTP, stimulated by guanine nucleotide exchange factors (GEF), and inactivated by GTPase activating proteins and GDP dissociation inhibitors (for review see [Lim et al. 1996](#Limetal1996){ref-type="bib"}). The study of Rho family member function has been facilitated by the use of genetically engineered constitutive active mutants (such as V12-Cdc42), exhibiting decreased intrinsic GTPase activity, and the use of dominant negative mutants (such as N17-Cdc42) that exhibit greater affinity for GDP than for GTP ([Lim et al. 1996](#Limetal1996){ref-type="bib"}). Rho small G proteins control the formation of filopodia (Cdc42), lamellipodia (Rac), and actin stress fibers (Rho A) ([Ridley and Hall 1992](#RidleyandHall1992){ref-type="bib"}; [Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}; [Nobes and Hall 1995](#NobesandHall1995){ref-type="bib"}; [Kozma et al. 1995](#Kozmaetal1995){ref-type="bib"}), and also control cell polarization ([Nobes and Hall 1999](#NobesandHall1999){ref-type="bib"}) as well as cell adhesion. In fact, Rho A induces formation of focal adhesions, and Rac/Cdc42 induce formation of peripheral focal contacts ([Ridley and Hall 1992](#RidleyandHall1992){ref-type="bib"}; [Nobes and Hall 1995](#NobesandHall1995){ref-type="bib"}; [Burridge et al. 1988](#Burridgeetal1988){ref-type="bib"}). Several effectors of activated Rho family proteins have been described previously (for reviews see [Lim et al. 1996](#Limetal1996){ref-type="bib"}; [Aspenstrom 1999](#Aspenstrom1999){ref-type="bib"}); of these, a number of studies have recently focused on N-WASP, a Cdc42 effector that belongs to the family of Wiskott-Aldrich syndrome proteins (WASP) that, in association with the Arp 2/3 complex, can induce actin polymerization ([Symons et al. 1996](#Symonsetal1996){ref-type="bib"}; [Rohatgi et al. 1999](#Rohatgietal1999){ref-type="bib"}; [Mullins et al. 1998](#Mullinsetal1998){ref-type="bib"}; [Zigmond 1998](#Zigmond1998){ref-type="bib"}; [Machesky and Insall 1999](#MacheskyandInsall1999){ref-type="bib"}).

PDGF is a physiological chemotactic factor for fibroblasts that triggers several cytoskeletal changes including lamellipodium formation, a decrease in actin stress fibers, and a reduction in adhesion complexes ([Bockus and Stiles 1984](#BockusandStiles1984){ref-type="bib"}; [Ridley and Hall 1994](#RidleyandHall1994){ref-type="bib"}; [Wennström et al. 1994a](#N0x314a790N0x294fe60){ref-type="bib"}). Whereas the mechanism involved in PDGF induction of lamellipodia is well-established and known to involve the activation of PI3K and Rac ([Hawkins et al. 1995](#Hawkinsetal1995){ref-type="bib"}), the mechanisms by which PDGF alters stress fibers and adhesion complexes is unclear. Here, we analyzed the PDGF-R--induced pathways that might be involved in promoting these cytoskeletal changes. These studies revealed that PDGF activates Cdc42, which in turn mediates filopodia formation, a decrease in actin stress fibers, and a reduction in focal adhesion complexes. We find that activation of the Cdc42 pathway is independent of PI3K activity, but dependent on the p85α regulatory subunit of PI3K. We show that the downstream effector of Cdc42, N-WASP, is essential not only for PDGF-induced filopodia formation ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}), but also contributes to the PDGF-induced disassembly of actin stress fibers and adhesion complexes. Finally, we show that induction of this pathway contributes to PDGF-induced cell migration on collagen. Together, these results reveal a novel signaling function for the p85 PI3K regulatory subunit. The activation of this cascade, involving PDGF-R, the regulatory subunit of PI3K, Cdc42, and N-WASP, represents a new signaling pathway that links cell-surface receptors to actin cytoskeletal dynamics and cell migration.

Materials and Methods
=====================

Antibodies and Reagents
-----------------------

The following antibodies (Abs) were used: antihemagglutinin (HA) mAb (12CA5) (BAbCO), anti-myc mAb (9E10) ([Evan et al. 1985](#Evanetal1985){ref-type="bib"}), anti-p85 polyclonal Ab (catalogue No. 06-195; Upstate Biotechnology), antipaxillin mAb (Transduction Laboratories), anti--N-WASP polyclonal Ab (donated by Drs. H. Miki and T. Takenawa, Institute of Medical Science, Tokyo, Japan; [Miki et al. 1998](#Mikietal1998){ref-type="bib"}), and Cy2- and Cy3-conjugated anti-mouse and anti-rabbit Abs (Jackson ImmunoResearch Laboratories). Anti-p110β Ab was a gift of Dr. D. Waterfield (Ludwig Institute for Cancer Research, London, UK; [Vanhaesebroek et al. 1999](#Vanhaesebroeketal1999){ref-type="bib"}). FITC-phalloidin was from Sigma Chemical Co.; PDGF-BB was from Upstate Biotechnology; collagen type VI was from Sigma Chemical Co.; G418 was from GIBCO BRL; and glutathione-Sepharose 4B was from Amersham Pharmacia Biotech.

Cell Culture and Stable Cell Line Preparation
---------------------------------------------

NIH-3T3 cells and derivatives were maintained in DME (BioWhittaker) containing 10% calf serum (GIBCO BRL). Cultures were maintained in a humidified atmosphere at 37°C, 10% CO~2~. To study cytoskeletal changes after cell stimulation, cells were preincubated for 16 h in medium containing 0.1% serum; this decreased serum-mediated signals but maintained viability. p65^PI3K^ and p85α NIH-3T3 stable cell lines were previously described ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). NIH-3T3 p110-CAAX stable lines were obtained by transfection (2 × 10^5^ NIH-3T3 cells) with 3 μg of pSG5-N-myc-p110-CAAX ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}) plus 1 μg of pSV-Neo using the Tfx-50 transfection reagent (Promega) as indicated by the manufacturer. Transfected clones were selected in medium containing G418 (2 mg/ml). N-myc-p110-CAAX was poorly recognized in Western blot by anti-myc or anti-p110α Abs. Therefore, p110-CAAX expression was examined in the selected clones by immunoprecipitation of cell lysates using anti-myc mAb, followed by in vitro PI3K assays using phosphatidylinositol-(4,5)-biphosphate (Sigma Chemical Co.) as a substrate as previously described ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). For studies on collagen, plates were incubated overnight at 4°C with a 20-μg/ml collagen VI solution in water. PAE cells expressing wt-PDGFβ-R and the F740/F751-PDGFβ-R were provided by Drs. P. Hawkins (Barbraham Instititute, Cambridge, UK) and L. Claesson Welsh (Ludwig Institute for Cancer Research, Uppsala, Sweden; [Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}), and were maintained in Ham\'s F12 nutrient mixture (GIBCO BRL) containing 10% FCS.

Constructs, Transient Transfections, and Microinjection
-------------------------------------------------------

The following constructs were used: pSG5-HA-tagged-p65^PI3K^, pSG5-HA-p85α, pSG5-N-myc-p110, pSG5-N-myc-p110CAAX, LXV-myc-N17-Rac (DN-Rac), were previously described ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). LXV-myc-N17-Cdc42 (DN-Cdc42), PcEXV-myc-Cdc42 (wtCdc42), and LXV-myc-V12-Cdc42 (v-Cdc42) were donated by Dr. A. Hall (MRC Laboratory for Molecular Cell Biology, London, UK. pEF-Bos-myc-V14-Rho (v-Rho) was donated by Dr. J. Downward (Imperial Cancer Research Fund, London, UK; [Rodríguez-Viciana et al. 1997](#N0x314a790N0x3e842b0){ref-type="bib"}). PcDL-SRa-N-Wasp and PcDL-SRa-Δcof-N-Wasp (lacking amino acids 473--476: KRSK) were donated by Drs. H. Miki and T. Takenawa ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}), and the Gex-2T-CRIB domain of Pak-1 was previously described ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). The SH3Bcr mutant was obtained by PCR and encompassed the region between base pair 30 and 1,115 of p85α; this fragment (containing BamHI sites at both ends) was subcloned into the BamHI site of the pcDNA 3-HA vector. The p50α alternative splice form of p85α was generously donated by Dr. L. Cantley (Harvard Medical School, Boston, MA; [Fruman et al. 1996](#Frumanetal1996){ref-type="bib"}). For immunofluorescence studies, transient transfection was performed using calcium phosphate (2 × 10^5^ NIH-3T3 cells, 5 μg cDNA). For high efficiency transfections (for Cdc42 activity and cell migration assays), cells were transfected using Lipofectamine plus (GIBCO BRL) following the manufacturer\'s instructions (1.7 × 10^6^ NIH-3T3 cells, 10 μg cDNA), which yielded ∼60% transfection efficiency. Transfected samples were incubated for 16 h in medium containing 10% serum, to allow exogenous protein expression, before starvation in medium containing 0.1% serum for an additional 16 h. For microinjection, cells were seeded sparingly on coverslips and starved for 16 h before microinjection in DME containing 0.1% serum. cDNA (0.2 mg/ml in 10 mM sodium phosphate, pH 7.2, 80 mM sodium chloride) or Abs (0.2 mg/ml anti-p110β Ab or a 1:5 dilution of anti-p85 Ab in PBS) were microinjected using an automated injection system (AIS; Carl Zeiss) equipped with an Eppendorf microinjector 5242. After microinjection, cells were incubated in DME-0.1% serum at 37°C for 3 h (DNA injections) or 45 min (Ab injections) before analysis.

Biochemistry, Immunofluorescence, Videomicroscopy, and Cdc42 Activity Assay
---------------------------------------------------------------------------

Cells collected by trypsinization were lysed as previously described ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). For immunoprecipitation, lysates (300 μg) were incubated for 3 h with 1 μg of purified Ab or 2 μl of polyclonal Ab, followed by a 1-h incubation with protein A-Sepharose. Immunoprecipitation, SDS-PAGE, and Western blotting were performed as previously described ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). For immunofluorescence, cell samples were cultured on coverslips in medium containing 0.1% serum for 16 h, fixed in 4% paraformaldehyde in PBS, permeabilized in 0.3% Triton X-100, and blocked with 0.5% BSA and 1% FCS in PBS. After incubation with primary antibodies, cells were stained with Cy3- or Cy2-conjugated anti-mouse or anti-rabbit Ab. Filamentous actin was stained with FITC-conjugated phalloidin. Confocal microscopy was performed using a Leica laser scanning confocal microscope. For videomicroscopy studies, immunofluorescent videomicroscopy yielded better results than phase-contrast videos, and, thus, cells were transfected either with the GFP control vector or with the GFP control vector plus the vector encoding DN-Rac or DN-Cdc42. After 16 h, cells were incubated in 0.1% serum for an additional 16 h and filmed before and after the addition of PDGF (50 ng/ml); images were taken every 15 s using a Leica laser confocal microscope and TCS-NT software. Preparation of GST or GST-Pak-1 columns and detection of activated Cdc42 was previously described ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). In brief, NIH-3T3 cells transfected with cDNA encoding wtCdc42 (or v-Cdc42) were incubated, starved, and stimulated (see [Fig. 3](#F3){ref-type="fig"} and [Fig. 5](#F5){ref-type="fig"} B). Cells were lysed, lysates were normalized for protein content, and 400 μg of the samples were incubated on a GST-glutathione-Sepharose column or a GST-Pak-1-glutathione-Sepharose column for 30 min at 4°C. Columns were washed with lysis buffer and column-bound myc-wt-Cdc42 was examined after resolving the retained material in SDS-PAGE by Western blot using anti-myc mAb.

Cell Migration
--------------

For migration assays, NIH-3T3 cells were transiently transfected with the indicated constructs. Transfection efficiency (∼60%) was estimated by cotransfecting a plasmid encoding green fluorescent protein (pE-GFP-N; CLONTECH Laboratories, Inc.). Migration was studied in 96-well microchambers using polyvinylpyrrolidone-free filters (10-μm pores; Neuro Probe Inc.) precoated (for 16 h at 4°C) with 20 μg/ml type VI collagen (Sigma Chemical Co.). Assays were performed with different numbers of cells in the top wells and different PDGF concentrations in the serum-free medium in the bottom wells. Linearity was observed (in 5-h assays) using 1--2 × 10^5^ cells/well and 1--100 ng/ml of PDGF. Chambers were incubated for 5 h at 37°C in a humidified atmosphere with 10% CO~2~. After incubation, filters were removed and the nonmigrating cells in the top part were wiped off. The migrating cells remaining on the bottom part of the filters were fixed and stained with a crystal violet solution (0.5% crystal violet and 20% methanol). Migration was quantitated by densitometry of the corresponding violet spots (National Institutes of Health Image software). The migration index was calculated as the ratio of migration observed in the presence of PDGF and divided by the migration observed with the medium alone. The percent cell migration was calculated by comparing the migration index of control cells (considered 100%) with that of the transfected samples. The proportion of the input NIH-3T3 cells that migrated in response to PDGF (100 ng/ml) was calculated by cell counting and confirmed by measuring the OD at 595 nm of the migrating cells stained with crystal violet. This value was interpolated on a standard curve representing known numbers of cells versus their corresponding OD values.

Results
=======

PDGF Induces Filopodia Formation, a Decrease in Actin Stress Fibers, and a Reduction of Adhesion Complexes via Cdc42
--------------------------------------------------------------------------------------------------------------------

Here, we examine the mechanisms mediating PDGF-induced cytoskeletal changes in NIH-3T3 cells. PDGF treatment not only induces membrane ruffling and lamellipodial extensions, but also a decrease in LPA-stimulated actin stress fibers and focal adhesions ([Fig. 1](#F1){ref-type="fig"}; [Bockus and Stiles 1984](#BockusandStiles1984){ref-type="bib"}; [Ridley and Hall 1994](#RidleyandHall1994){ref-type="bib"}; [Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}).

Previous studies have shown that constitutive active forms of Rac or Cdc42 inhibited Rho A activation and LPA-induced (Rho A--dependent) actin stress fiber formation ([Dutartre et al. 1996](#Dutartreetal1996){ref-type="bib"}; [Manser et al. 1997](#Manseretal1997){ref-type="bib"}; [Sander et al. 1999](#Sanderetal1999){ref-type="bib"}). We subsequently investigated whether Cdc42- or Rac-dependent signaling pathways were responsible for the inhibition of stress fibers and the adhesion complexes observed in PDGF-treated cells using dominant negative (DN) interfering mutants. Expression of DN-Rac in PDGF-treated cells partially restored actin stress fiber formation in ∼10% of the cells, although it efficiently inhibited Rac-dependent lamellipodium formation (in \>95% of the cells; [Fig. 2](#F2){ref-type="fig"} A). In addition, expression of DN-Rac, which increases filopodia stability ([Nobes and Hall 1995](#NobesandHall1995){ref-type="bib"}), revealed the formation of filopodium-like structures in the majority of the transfected cells ([Fig. 2](#F2){ref-type="fig"} A). In contrast, expression of DN-Cdc42 efficiently restored actin stress fiber formation in PDGF-treated cells (in 60% of the cells), and also diminished Rac-dependent membrane ruffling (in 50% of the cells; [Fig. 2](#F2){ref-type="fig"} A). Transfection of DN-Rac and DN-Cdc42 in these experiments yielded similar expression levels (not shown). The greater ability of DN-Cdc42 compared with DN-Rac to restore stress fiber formation in PDGF-treated cells was confirmed in microinjection experiments (data not shown).

Neither DN-Rac nor DN-Cdc42 had a significant effect on actin stress fiber content in LPA-treated cells, but DN-Cdc42 expression allowed efficient stress fiber formation in ∼60% of PDGF- plus LPA-treated cells ([Fig. 2](#F2){ref-type="fig"} A). DN-Cdc42 expression also allowed efficient formation of focal adhesion complexes both in PDGF and in PDGF-plus LPA-treated cells (not shown). These results confirm that PDGF-induced lamellipodium formation is Rac-dependent, but also reveal that the decrease in actin stress fibers and adhesion complexes is mediated mainly via a Cdc42-dependent pathway.

To check that PDGF induces filopodia formation, control cells or cells transfected with DN-Rac or DN-Cdc42 were PDGF-stimulated and examined by time-lapse video microscopy. Evolution of filopodial structures was observed in PDGF-treated cells ([Fig. 2](#F2){ref-type="fig"} B) and in DN-Rac--expressing cells ([Fig. 2](#F2){ref-type="fig"} B, filopodia observed for prolonged periods of time). However, filopodia formation was not observed in cells expressing DN-Cdc42 (not shown). We conclude that PDGF induces filopodia formation and inhibits actin stress fibers as well as adhesion complexes via a Cdc42-dependent pathway.

PDGF Activates Cdc42
--------------------

To determine whether PDGF activates Cdc42, we considered that activated Cdc42 binds to the p85α regulatory subunit of PI3K ([Tolias et al. 1995](#Toliasetal1995){ref-type="bib"}). Thus, we examined the ability of PDGF to induce p85α association to Cdc42 by measuring p85/p110 lipid kinase activity in Cdc42 immune complexes ([Fig. 3](#F3){ref-type="fig"} A). Whereas recombinant v-Cdc42 stably associated p85/p110 in starved cells, wt-Cdc42 only bound p85/p110 after PDGF-R stimulation; this association was transient, with maximum levels detected at ∼5 min ([Fig. 3](#F3){ref-type="fig"} A). Formation of this complex was confirmed by Western blotting (not shown).

Activation of Cdc42 by PDGF was validated by an alternative method, using the previously described pull-down assay, based on the ability of activated Cdc42 and Rac to associate to the CRIB region of their effector Pak-1 ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). To optimize the method, we first confirmed that the activation of Rac by PDGF results in increased Rac association to the GST-Pak columns (not shown) in agreement with previous reports ([Wennström et al. 1994a](#N0x314a790N0x294fe60){ref-type="bib"},[Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}; [Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). In addition, we confirmed that v-Cdc42, but not wt-Cdc42, bind to GST-Pak-1 columns ([Fig. 3](#F3){ref-type="fig"} B; [Sander et al. 1999](#Sanderetal1999){ref-type="bib"}). Finally, we find that PDGF treatment, alone or in combination with LPA, induces the association of wt-Cdc42 to GST-Pak-1 columns ([Fig. 3](#F3){ref-type="fig"} C). Therefore, PDGF-R stimulation induces Cdc42 activation and its transient association to the regulatory subunit of PI3K.

The PI3K Regulatory Subunit Induces Filopodia Formation, a Decrease in Actin Stress Fibers, and a Reduction in Adhesion Complexes
---------------------------------------------------------------------------------------------------------------------------------

PDGF treatment induces activation and translocation of p85/p110 PI3K to its receptor, an essential event for Rac-mediated lamellipodium formation ([Klippel et al. 1992](#Klippeletal1992){ref-type="bib"}; [Wennström et al. 1994a](#N0x314a790N0x294fe60){ref-type="bib"},[Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}). The molecular basis for Cdc42 activation after PDGF-R stimulation nonetheless remains unclear. We previously noticed that cells expressing p85α or its truncation product p65^PI3K^ (Jiménez, et al. 1998) exhibited filopodium-like extensions and contained decreased numbers of actin stress fibers (our unpublished observations). Thus, we decided to study the ability of PI3K regulatory subunit to mediate actin cytoskeleton changes in greater detail. We have compared the phenotypes of cells expressing p110-CAAX (a constitutive active mutant of the p110 catalytic subunit; [Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}), the p85α regulatory subunit, or p65^PI3K^ (a p85 mutant that enhances p110 activation; [Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}). p85α and p65^PI3K^ stable cell lines have been described previously and express transfected proteins at levels similar to that of endogenous p85α ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}); p110-CAAX cell lines, described here, were prepared similarly ([Fig. 4](#F4){ref-type="fig"} A).

Whereas most p110-CAAX cells exhibited a flattened morphology, extended lamellipodia (60%), and contained stress fiber numbers similar to those of control cells (\>90%; [Fig. 4](#F4){ref-type="fig"} B), cells expressing p85α (90%) were elongated, did not extend lamellipodia, and contained fewer stress fibers than mock-transfected cells ([Fig. 4](#F4){ref-type="fig"} B). p65^PI3K^ cells showed lamellipodial extensions, as did p110-CAAX cells, but similar to p85α cells, most p65^PI3K^ cells (75%) were elongated and contained fewer actin stress fibers than the controls ([Fig. 4](#F4){ref-type="fig"} B). In addition, p110-CAAX cells (90%) showed abundant paxillin-containing focal adhesion complexes, whereas p85α cells (90%) and p65^PI3K^ cells (75%; [Fig. 4](#F4){ref-type="fig"} C) had a lower number of focal adhesion complexes and contained smaller focal contacts located at the peripheral extensions. In conclusion, expression of constitutively activated mutants of PI3K induced lamellipodium formation, whereas expression of p85α and p65^PI3K^ regulatory molecules induced a decrease in actin stress fibers and adhesion complexes.

Similar phenotypes were observed in cells microinjected with plasmids encoding the different PI3K forms and analyzed 3 h later. Microinjection of p110-CAAX (not shown) induced a phenotype similar to that observed in p110-CAAX stable cell lines ([Fig. 4](#F4){ref-type="fig"} B). In a majority of cells, expression of p65^PI3K^ or p85α (75 and 90%, respectively) induced a decrease in stress fibers compared with the surrounding noninjected cells ([Fig. 4](#F4){ref-type="fig"} D), although at these short times only 50% of the cells exhibited an elongated morphology. Thus, it appears that whereas the decrease in fibers occurs shortly after p85 expression, the change in cell morphology is more efficient in stable transfectants and, therefore, it may depend on gene expression associated to the prolonged expression of the PI3K regulatory subunit. In addition, the short-term analysis upon microinjection revealed that ∼30% of p65^PI3K^ or p85α-microinjected cells showed formation of filopodium-like structures ([Fig. 4](#F4){ref-type="fig"} D). The appearance of filopodia in p85α-expressing cells was confirmed by videomicroscopy (not shown). Cells microinjected with p85α or p65^PI3K^ regulatory subunits in combination with wt-p110 also showed a decrease in actin stress fibers and, in the case of p65^PI3K^, exhibited lamellipodial extensions ([Fig. 4](#F4){ref-type="fig"} D). Microinjected cells were detected by indirect immunofluorescence using anti-HA Ab, which also revealed the cytosolic--perinuclear localization of the majority of p85α ([Fig. 4](#F4){ref-type="fig"} D, lower left), similar to that of endogenous p85α and most p65^PI3K^ and p110-CAAX proteins (not shown).

As v-Cdc42 induces filopodia formation and decreases actin stress fibers ([Nobes and Hall 1995](#NobesandHall1995){ref-type="bib"}; [Manser et al. 1997](#Manseretal1997){ref-type="bib"}), our results showing that p85 and p65^PI3K^ expression also induce these changes suggest that the regulatory subunit of PI3K may trigger a Cdc42-dependent pathway. Considering that p85 associates with Cdc42, we next examined whether p85 association to Cdc42 was required for the regulatory subunit of PI3K to induce actin cytoskeleton changes. Association of Cdc42 to p85 occurs through the Bcr homologous domain of p85 ([Zheng et al. 1994](#Zhengetal1994){ref-type="bib"}). Thus, we examined the phenotype of cells expressing a mutant encompassing the SH3-Bcr regions of p85α and the phenotype of cells expressing p50α, which is an alternative splice form of p85α that lacks the SH3 and the Bcr regions ([Fruman et al. 1996](#Frumanetal1996){ref-type="bib"}). Whereas expression of the SH3-Bcr mutant induced stress fiber loss (in \>95% of the cells; [Fig. 4](#F4){ref-type="fig"} E) and triggered formation of filopodium-like extensions (not shown), p50α expression did not apparently affect actin cytoskeleton ([Fig. 4](#F4){ref-type="fig"} E). In addition, expression of the SH3-Bcr mutant, but not of p50α, was able to inhibit LPA-induced stress fibers and adhesion complexes (not shown). Quantitative examination of filamentous actin (F-actin) fluorescence intensity along a cross-section of these cells is shown beneath the SH3-Bcr and p50 panels ([Fig. 4](#F4){ref-type="fig"} E). This examination confirms that in SH3-Bcr--expressing cells, F-actin is located in the cell cortex, and that the pattern with multiple peaks corresponding to actin stress fibers is lost. However, in cells expressing p50α, a similar pattern to that of control cells is obtained. These observations suggest that only the p85 forms containing the Bcr homologous region (p85, p65^PI3K^, and the SH3-Bcr mutant) are capable of inducing a decrease in actin stress fibers and adhesion complexes.

In conclusion, these studies reveal a novel function for the PI3K regulatory subunit, which induces filopodia formation, a decrease in actin stress fibers, and induces a reduction in focal adhesion complexes, resembling the Cdc42-dependent cytoskeletal changes induced by PDGF. Induction of these changes by p85 appears to depend on the ability of p85α to bind Cdc42, since p50α, which does not bind Cdc42, failed to induce these changes.

The Decrease in Stress Fibers Induced by the PI3K Regulatory Subunit Is Mediated by Cdc42
-----------------------------------------------------------------------------------------

The increased expression of the PI3K regulatory subunit reduces the basal stress fiber content of cells cultured in low serum conditions ([Fig. 4](#F4){ref-type="fig"}). In addition, p85α expression also inhibited the fibers induced by LPA treatment (in \>95% of the cells) and by v-Rho expression (in \>75% of the cells) ([Fig. 5](#F5){ref-type="fig"} A), whereas expression of wt or constitutively active p110 did not significantly affect stress fiber content (not shown).

We previously have shown that the decrease in actin stress fiber formation induced by PDGF was mediated mainly via Cdc42 ([Fig. 2](#F2){ref-type="fig"}). We next examined whether p85α expression also induced inhibition of actin stress fibers via Cdc42. Microinjection of cDNA encoding DN-Cdc42 in combination with p85 cDNA restored actin stress fiber formation (in \>95% of the cells; [Fig. 5](#F5){ref-type="fig"} A), whereas microinjection of DN-Rac showed only a minor effect (restoring stress fibers formation in ∼10% of the cells; not shown). Microinjection of DN-Cdc42 also blocked the decrease in stress fibers in cells expressing p65^PI3K^ plus p110 (in \>95% of the cells; [Fig. 5](#F5){ref-type="fig"} A). Therefore, p85α (and p65^PI3K^) expression induced a decrease in actin fibers via Cdc42.

We next analyzed whether Cdc42 was activated in cells overexpressing p85α or p65^PI3K^ as described above ([Fig. 3A](#F3){ref-type="fig"} and [Fig. B](#F3){ref-type="fig"}). Examination of Cdc42 bound to PI3K ([Fig. 5](#F5){ref-type="fig"} B) and examination of Cdc42 bound to GST-Pak-1 columns (not shown) showed that, in cells overexpressing p85α or p65^PI3K^, a small Cdc42 fraction was activated. In conclusion, overexpression of p65^PI3K^ or p85α mediates a decrease in actin stress fibers via Cdc42.

The PI3K Regulatory Subunit Mediates PDGF-induced Cdc42-dependent Cytoskeletal Changes
--------------------------------------------------------------------------------------

Examination of cells expressing PI3K mutants suggested that activation of the Cdc42 pathway is independent of PI3K activity, but could be engaged via the p85 regulatory subunit. To examine whether PI3K activity is required for PDGF-induced Cdc42-dependent cytoskeletal changes, we analyzed the phenotype of cells treated with PDGF in the presence of PI3K activity inhibitors. PI3K inhibitors were effective in blocking PI3K activity--dependent lamellipodium formation (in \>95% of the cells; [Fig. 6](#F6){ref-type="fig"} A, wortmannin; Ly-294002, not shown). However, these inhibitors only moderately affected the ability of PDGF to decrease actin stress fibers ([Fig. 6](#F6){ref-type="fig"} A), with a partial formation of actin stress fibers observed in ∼15% of the cells. This shows that the PDGF-induced reduction in stress fibers is, to a large extent, independent of PI3K activity.

We next examined whether binding of the PI3K regulatory subunit to the PDGF-R ([Klippel et al. 1992](#Klippeletal1992){ref-type="bib"}) was essential for PDGF-induced Cdc42-dependent cytoskeletal changes. To this end, we analyzed the consequences of blocking p85 translocation by sequestering this molecule with microinjected anti-p85 Ab. The antibodies were highly specific, as demonstrated by their specificity in detecting p65^PI3K^ and p85 in Western blot ([Fig. 5](#F5){ref-type="fig"} B), and their selective ability to immunopurify p85/p110 complexes from \[^35^S\]methionine-labeled cells (not shown). Microinjection of anti-p85 Ab reduced PI3K activity--dependent lamellipodium formation in ∼80% of injected cells since it blocked the p85/p110 complex translocation to the cell membrane receptor, indicating that the treatment was effective ([Fig. 6](#F6){ref-type="fig"} B). In addition, injected cells (80%) showed higher levels of actin stress fibers than the surrounding noninjected cells, suggesting that impairing p85 localization to the receptor inhibits the PDGF-induced Cdc42-dependent decrease in actin stress fibers ([Fig. 6](#F6){ref-type="fig"} B). As a control, microinjection of p110β-specific Ab had no significant effect on PDGF-induced cytoskeletal changes ([Fig. 6](#F6){ref-type="fig"} B), although they inhibit p110β kinase activity (not shown) as described previously ([Vanhaesebroek et al. 1999](#Vanhaesebroeketal1999){ref-type="bib"}; [Hooshmand-Rad et al. 2000](#Hooshmand-Radetal2000){ref-type="bib"}).

As an alternative approach to confirm that p85 translocation to the PDGF-R was required for PDGF to induce the Cdc42-dependent decrease in actin bundles and adhesion complexes, we examined the phenotypes of cells expressing a PDGFβ-R mutant containing two point mutations at the p85 interaction sites (Tyr740 and Tyr751; [Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}). For these experiments, wild-type and Phe740/Phe751 PDGFβ-R were expressed in PAE cells, which do not express endogenous PDGFβ-R. In these cells, wt-PDGFβ-R mediated the inhibition of stress fibers and induction of lamellipodia (in ∼80% of the cells), whereas the Phe740/Phe751 PDGFβ-R mutant not only failed to induce lamellipodium formation ([Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}), but also failed to decrease the levels of actin stress fibers (in \>90% of the cells; [Fig. 6](#F6){ref-type="fig"} C) and adhesion complexes (not shown). In conclusion, activation of the Cdc42 pathway by PDGF is largely independent of PI3K activity, but requires translocation of the PI3K regulatory subunit to its receptor.

N-WASP Participates in Mediating the Cdc42-dependent Decrease in Actin Stress Fibers
------------------------------------------------------------------------------------

It has been shown that α-Pak contributes to mediating the decrease in stress fibers observed in cells expressing v-Rac or v-Cdc42 ([Manser et al. 1997](#Manseretal1997){ref-type="bib"}; [Zhao et al. 1998](#Zhaoetal1998){ref-type="bib"}). However, as the PDGF-induced decrease in stress fibers was, to a large extent, Cdc42-dependent, we searched for a Cdc42-specific effector that might mediate this action and we considered N-WASP. N-WASP is an effector of Cdc42 that mediates filopodia formation, a function for which the cofilin homologous region of N-WASP seems to be essential ([Miki et al. 1996](#Mikietal1996){ref-type="bib"}, [Miki et al. 1998](#Mikietal1998){ref-type="bib"}). Thus, we examined the consequences on actin stress fiber formation of transfecting wt-N-WASP or Δcof-N-WASP, which were expressed to a similar extent ([Fig. 7](#F7){ref-type="fig"} A). Whereas in cells expressing N-WASP, p85α mediated a pronounced decrease in actin stress fibers, Δcof-N-WASP expression restored, to a large extent, actin stress fiber formation in p85α-expressing cells (in \>95%; [Fig. 7](#F7){ref-type="fig"} B). Similar phenotypic changes were observed when p85α and N-WASP plasmids were cotransfected with wt-Cdc42 (not shown). In contrast, expression of wt-Cdc42 alone, N-WASP alone, or Δcof-N-WASP in serum-starved cells had no significant effects on the actin cytoskeleton (our data not shown; [Miki et al. 1998](#Mikietal1998){ref-type="bib"}). Thus, N-WASP appears to be an essential mediator of the p85α-induced Cdc42-dependent decrease in actin stress fibers.

Δcof-N-WASP expression also interfered with the PDGF-triggered Cdc42-dependent decrease in stress fibers (in 75% of the transfected cells; [Fig. 7](#F7){ref-type="fig"} B), with similar phenotypic changes observed when the Δcof-N-WASP plasmid was cotransfected with wt-Cdc42. Δcof-N-WASP also increased focal adhesion complexes in PDGF- or PDGF-plus LPA-treated cells (not shown), but did not affect LPA-induced cytoskeletal changes (not shown).

The contribution of N-WASP to the Cdc42-induced decrease in stress fibers was validated by examining the consequences of expressing Δcof-N-WASP on v-Cdc42--expressing cells. Δcof-N-WASP expression not only interfered with v-Cdc42--induced filopodia formation ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}; our data not shown), but also restored, to a large extent, stress fiber formation in v-Cdc42--expressing cells (in \>95%; [Fig. 7](#F7){ref-type="fig"} B). These experiments using interfering mutants of the Cdc42/N-WASP pathway were also performed using normal murine embryonic fibroblasts, which yielded comparable results (not shown). In conclusion, N-WASP not only mediates Cdc42-induced filopodia formation ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}), but also contributes to mediate the Cdc42-dependent inhibition of actin stress fibers induced by PDGF/p85α.

The p85/Cdc42/N-WASP Pathway Regulates Cell Migration
-----------------------------------------------------

We subsequently evaluated the contribution of the Cdc42/N-WASP pathway to PDGF-induced migration using collagen as a substrate. Cells cultured on collagen exhibited cytoskeletal changes ([Fig. 8](#F8){ref-type="fig"}) similar to those observed in the absence of exogenous ECM components. In fact, p85α expression triggered an N-WASP--dependent decrease in actin stress fibers when cells were cultured on collagen ([Fig. 8](#F8){ref-type="fig"} A), and PDGF treatment also induced cortical actin polymerization and a decrease in LPA-induced stress fibers when cells were cultured on collagen ([Fig. 8](#F8){ref-type="fig"} A). Moreover, the PDGF-induced decrease in stress fibers was blocked by DN-Cdc42 or Δcof-N-WASP ([Fig. 8](#F8){ref-type="fig"} A), and PDGF-R stimulation also induced a Cdc42-dependent decrease in focal adhesions ([Fig. 8](#F8){ref-type="fig"} B). Therefore, activation of the p85/Cdc42/N-WASP pathway by PDGF induced similar cytoskeletal changes when cells were cultured on collagen or in the absence of exogenously added ECM.

We subsequently performed migration assays using collagen-coated microchambers. Under optimized conditions, migration was proportional to the cell numbers and to the dose of PDGF used in the assay, inducing mobilization of ∼20--25% of the 10^5^ input cells (at 5 h with 100 ng/ml PDGF; see Materials and Methods). Cell migration was estimated in quadruplicate by densitometry of migrating cells, and the migration index, representing the x-fold increase in cell migration observed in the presence versus the absence of chemoattractant, was calculated for each condition. [Fig. 9](#F9){ref-type="fig"} A shows the migration index of control NIH-3T3 cells in response to increasing PDGF doses. We subsequently compared the migration indexes of the transfected samples with those of the control cells. This comparison showed that the migration efficiency of p85α stable cell lines (expressing a two-fold increase in p85α expression, [Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}) was higher than the migration efficiency of control cells, particularly at suboptimal PDGF doses (10 ng/ml; [Fig. 9](#F9){ref-type="fig"} B). p110-CAAX cell migration was slightly lower than that of control cells at suboptimal doses of PDGF (10 ng/ml; [Fig. 9](#F9){ref-type="fig"} B), but similar at 100 ng/ml PDGF (not shown).

To evaluate the contribution of the Cdc42/N-WASP pathway to PDGF-induced migration, we examined the migration efficiency of cells transfected with cDNA encoding interfering mutants of this pathway. The transfection efficiency was monitored after GFP vector expression by flow cytometry and was ∼60% in the different samples. Since Rac previously has been shown to be required for PDGF-induced migration ([Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}), DN-Rac expression was included as a control. When compared with cells transfected with the GFP control vector, DN-Rac-- and DN-Cdc42--transfected cells consistently showed a lower migration efficiency than control cells both at 100 ng/ml of PDGF ([Fig. 9](#F9){ref-type="fig"} C) and at lower doses (not shown), indicating that both Rac and Cdc42 pathways regulate PDGF-induced cell migration. Moreover, whereas transfection of cells with wt-Cdc42 plus N-WASP increased PDGF-induced cell migration, expression of wt-Cdc42 plus the interfering mutant Δcof-N-WASP inhibited PDGF-induced migration on collagen matrix ([Fig. 9](#F9){ref-type="fig"} C). These results reveal that activation of the PDGF-R/p85/Cdc42/N-WASP pathway plays an essential role in cell migration.

Discussion
==========

Actin cytoskeleton reorganization is an essential process required for cell migration. Here, we describe that stimulation of PDGF-R on fibroblasts activates Cdc42 and its effector N-WASP inducing filopodia formation, a decrease in actin stress fibers and a reduction in focal adhesion complexes. The data presented also support that p85α, the regulatory subunit of PI3K, is capable of activating the Cdc42/N-WASP pathway linking PDGF-R stimulation to Cdc42 activation. These data, integrated into the model depicted in [Fig. 10](#F10){ref-type="fig"}, include the novel description on PDGF\'s ability to activate Cdc42 and a new role for the PI3K regulatory subunit in controlling actin dynamics and cell migration.

We describe that PDGF activates Cdc42 and propose that the regulatory subunit of PI3K is one of the molecules controlling Cdc42 activation by PDGF. We base this conclusion on the observation that microinjection of anti-p85 Abs, which inhibit p85 binding to the PDGF-R, blocked the Cdc42-dependent decrease in actin stress fibers and the appearance of filopodium-like extensions. A similar conclusion was reached after examination of PAE cells expressing a mutant PDGF-R form that does not bind p85 ([Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}). Stimulation of this mutant receptor failed to induce not only PI3K activity--dependent lamellipodia formation ([Wennström et al. 1994b](#N0x314a790N0x294fec0){ref-type="bib"}), but also the PDGF-induced decrease in actin stress fibers and adhesion complexes. The similarity between the p85α- and PDGF-induced pathways as well as the ability of the PDGF-R to induce transient Cdc42 and p85α association ([Fig. 3](#F3){ref-type="fig"}) both support the involvement of the PI3K regulatory subunit in PDGF-induced Cdc42 activation. Therefore, we conclude that the change in the subcellular localization of the regulatory subunit of PI3K, induced after PDGF-R stimulation ([Klippel et al. 1992](#Klippeletal1992){ref-type="bib"}; [Gillham et al. 1999](#Gillhametal1999){ref-type="bib"}; [Watton and Downward 1999](#WattonandDownward1999){ref-type="bib"}), is required for PDGF-mediated activation of the Cdc42 pathway.

The mechanism by which PDGF induces Cdc42 activation probably involves an additional protein that directly controls the activation of this GTPase such as a GEF ([Lim et al. 1996](#Limetal1996){ref-type="bib"}). It is possible that p85α, which contains a number of adaptor protein domains in its sequence ([Fruman et al. 1998](#Frumanetal1998){ref-type="bib"}), brings a GTPase regulator into the complex that mediates Cdc42 activation. In addition, considering that p85 overexpression is sufficient to activate the Cdc42 pathway, p85 may protect Cdc42 from deactivation. Supporting this view, the experiments performed with different forms of the p85 regulatory subunit suggested that activation of the Cdc42 pathway by p85 required direct association of p85 and Cdc42. Alternatively, considering that a fraction of p85 localizes at the cell membrane (data not shown; [Gillham et al. 1999](#Gillhametal1999){ref-type="bib"}; [Watton and Downward 1999](#WattonandDownward1999){ref-type="bib"}), p85 may mediate Cdc42 localization at the cell membrane, where many GEFs are found (for review see [Hall 1998](#Hall1998){ref-type="bib"}). The ability of p85 to enhance Cdc42 activation appeared specific, since expression of other molecules such as Pak-1 and N-WASP, which also bind active-Cdc42, did not trigger Cdc42-dependent cytoskeletal changes (data not shown; [Manser et al. 1997](#Manseretal1997){ref-type="bib"}; [Miki et al. 1998](#Mikietal1998){ref-type="bib"}). Therefore, p85 overexpression could enhance activation of Cdc42 by protecting it from deactivation or by stabilizing its membrane localization.

The ability of p85 to trigger Cdc42-dependent cytoskeletal changes represents a novel specific signaling capability of the PI3K regulatory subunit in the control of actin dynamics and cell migration, thereby opening a new perspective on the mechanism of action of class IA PI3Ks. Our data also confirm that constitutive activation of PI3K is sufficient to induce lamellipodium formation ([Reif et al. 1996](#Reifetal1996){ref-type="bib"}; [Rodríguez-Viciana et al. 1997](#N0x314a790N0x3e842b0){ref-type="bib"}). Our view is that PI3K exerts two independent actions on the actin cytoskeleton. The first, described previously, is dependent on the PI3K activity that mediates Rac-dependent lamellipodium formation ([Wennström et al. 1994a](#N0x314a790N0x294fe60){ref-type="bib"}), and the other, described here, is dependent on the p85 regulatory subunit and induces activation of the Cdc42 pathway.

The greater ability of DN-Cdc42 to restore stress fiber and adhesion complex formation in PDGF-treated cells, compared with DN-Rac, suggests that a Cdc42-specific effector, rather than a Rac effector, is involved in mediating these actions. Nonetheless, we found that DN-Rac expression induced partial recovery of stress fibers in a small proportion of cells, suggesting that Rac effectors such as Pak-1 (effector of Rac and Cdc42; [Zhao et al. 1998](#Zhaoetal1998){ref-type="bib"}) could contribute moderately to mediating this effect. In addition, the atypical PKCs λ and ζ also mediate stress fiber loss induced by v-Cdc42 ([Coghlan et al. 2000](#Coghlanetal2000){ref-type="bib"}), and could potentially contribute to the PDGF-induced decrease in stress fibers. We considered N-WASP as a potential Cdc42 effector contributing to the decrease in actin fibers since it binds to the PDGF-R via Nck and grb2 adaptor molecules and is an essential mediator of filopodia formation ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}; for review see [Machesky and Insall 1999](#MacheskyandInsall1999){ref-type="bib"}). We found that expression of an N-WASP mutant lacking the cofilin homologous region inhibited not only filopodia formation (not shown), as previously described ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}), but also blocked the decrease in stress fibers induced by PDGF-R and p85α ([Fig. 7](#F7){ref-type="fig"}).

WASP family members promote nucleation of new actin filaments through association with the Arp 2/3 complex, thereby triggering Cdc42-induced filopodia formation ([Miki et al. 1998](#Mikietal1998){ref-type="bib"}; [Mullins et al. 1998](#Mullinsetal1998){ref-type="bib"}; [Zigmond 1998](#Zigmond1998){ref-type="bib"}; [Rohatgi et al. 1999](#Rohatgietal1999){ref-type="bib"}). However, the mechanism through which N-WASP mediates the decrease in actin bundles and adhesion complexes remains unclear. N-WASP could mediate this effect directly, since N-WASP is proposed to sever actin polymers ([Miki et al. 1996](#Mikietal1996){ref-type="bib"}, [Miki et al. 1998](#Mikietal1998){ref-type="bib"}), however, this function of N-WASP remains controversial ([Loisel et al. 1999](#Loiseletal1999){ref-type="bib"}; [Machesky and Insall 1999](#MacheskyandInsall1999){ref-type="bib"}). Alternatively, N-WASP\'s participation in decreasing stress fibers may be indirect and mediated via another protein associated to N-WASP (for review see [Machesky and Insall 1999](#MacheskyandInsall1999){ref-type="bib"}). The best candidate to mediate the decrease in actin stress fibers would be a protein directly associated to the cofilin region of N-WASP since deletion of this region blocks N-WASP\'s ability to decrease stress fibers. Alternatively, mutation of the cofilin region could alter N-WASP structure or subcellular localization, possibly affecting the action of proteins associated at other regions of N-WASP. Among the proteins known to bind N-WASP, profilin has been shown to suppress Rho-induced stress fibers ([Suetsugu et al. 1999](#Suetsuguetal1999){ref-type="bib"}), and, thus, could be a good candidate effector for mediating the loss of actin bundles. Despite the open questions, the data shows that N-WASP mediates not only PDGF-induced Cdc42-dependent filopodium formation, but also contributes to induce the decrease in actin bundles and focal adhesions observed in cells treated with PDGF, illustrating an elegant mechanism by which N-WASP reorganizes F-actin. These results were obtained in NIH-3T3 cells. Similar results showing the ability of PDGF to activate the Cdc42/N-WASP pathway were obtained using murine embryonic fibroblasts (not shown), suggesting that this pathway is used by normal murine fibroblasts.

We present data showing that Cdc42/N-WASP activation is essential for PDGF-induced cell migration on collagen. The ability of inhibitory mutants of the Cdc42/N-WASP pathway to decrease PDGF-induced migration on collagen correlated with their ability to block PDGF-induced filopodia formation, a decrease in fibers, and a reduction in adhesion complexes. This suggests that Cdc42/N-WASP may regulate cell migration not only by inducing migratory structures such as filopodium, but also by diminishing strong adhesion. The relevance of the Cdc42 pathway in cell migration was also examined using p85 stable cell lines. It has been previously shown that under high overexpression conditions, p85 inhibits PI3K activity and membrane ruffling ([Rodríguez-Viciana et al. 1997](#N0x314a790N0x3e842b0){ref-type="bib"}). However, the twofold p85 overexpression level in the p85 stable cell lines did not inhibit PI3K activation ([Jiménez et al. 1998](#N0x314a790N0x3e83bf0){ref-type="bib"}), and the constitutive induction of the Cdc42 pathway in these cells resulted in an increased cell migration in response to PDGF ([Fig. 9](#F9){ref-type="fig"}). Stably transfected p110-CAAX cells, in contrast, exhibited a slightly decreased PDGF-induced migration. It is possible that the increased number of structures mediating strong adhesion in these cells ([Fig. 4](#F4){ref-type="fig"}), impairs cell migration. Apart from the relevance of the Cdc42 pathway to control PDGF-induced migration, transient activation of the Rac pathway is essential for PDGF-induced migration ([Fig. 9](#F9){ref-type="fig"}; [Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}). Thus, we propose that Cdc42-regulated pathways may cooperate with Rac-derived pathways to promote PDGF-induced migration. Cooperation has been observed at the level of migratory structures since interference with the Cdc42 pathway partially inhibited PDGF-induced Rac-dependent membrane ruffling ([Fig. 2](#F2){ref-type="fig"} and [Fig. 8](#F8){ref-type="fig"}), showing that Cdc42 activation facilitates lamellipodium formation, in agreement with [Nobes and Hall 1995](#NobesandHall1995){ref-type="bib"}. In addition, Cdc42 can cooperate with Rac to establish a polarized cell phenotype ([Small et al. 1999](#Smalletal1999){ref-type="bib"}; [Nobes and Hall 1999](#NobesandHall1999){ref-type="bib"}). Finally, Cdc42 and Rac pathways cooperate to reduce Rho A--mediated cellular adhesion (discussed below). In conclusion, PDGF-induced migration is controlled both by the Cdc42 pathway and the Rac pathway, and both cascades probably cooperate to drive cell migration.

A number of recent observations point to the activation of Cdc42 and/or Rac as a general mechanism to inhibit Rho A--triggered cell responses. A recent report has demonstrated that a constitutively active Cdc42 mutant (F28ACdc42) inhibited the GTP loading of Rho A and that PDGF also inhibited Rho A GTP loading ([Sander et al. 1999](#Sanderetal1999){ref-type="bib"}). Our study showing that PDGF activates Cdc42 offers a link between these observations, suggesting that PDGF inhibits Rho A via Cdc42. We propose that Cdc42 inhibits Rho A not only at the level of GTP loading, as proposed by [Sander et al. 1999](#Sanderetal1999){ref-type="bib"}, but also through the action of effectors such as N-WASP that control actin polymerization. This is supported by the observation that p85α overexpression, via Cdc42, blocks actin stress fiber formation induced by the constitutively active mutant v-Rho. Cdc42 activation after bradykinin receptor ligation also inhibited LPA-induced stress fibers (data not shown). In addition, Rac activation by Tiam-1 inhibits Rho A-GTP loading and Rho A--mediated phosphorylation of the myosin II heavy chain ([Sander et al. 1999](#Sanderetal1999){ref-type="bib"}; [van Leeuwen et al. 1999](#vanLeeuwenetal1999){ref-type="bib"}). Finally, the effector of v-Cdc42 and v-Rac, Pak-1, also contributes to mediating inhibition of actin stress fibers ([Manser et al. 1997](#Manseretal1997){ref-type="bib"}; [Zhao et al. 1998](#Zhaoetal1998){ref-type="bib"}). Together, all these observations indicate that Rho-mediated cellular actions are counteracted by Cdc42/Rac pathways using several mechanisms. The inhibition of Rho pathways when Cdc42 and Rac pathways are activated may result in a decrease in strong adhesion, when migratory structures, such as filopodia and lamellipodia, are induced, thereby facilitating cell migration.

In conclusion, PDGF activates Cdc42 and its downstream effector N-WASP, which in turn influences actin dynamics not only by triggering filopodia formation, but also by decreasing stress fibers and focal adhesions. In addition, our data support that the p85α regulatory subunit of PI3K is an upstream regulator of Cdc42 in PDGF-R signaling. These observations demonstrate that PDGF activates Cdc42 and ascribe a novel function to the PI3K regulatory subunit in actin cytoskeleton regulation. Induction of the PDGF/p85/Cdc42/N-WASP pathway contributes to the regulation of adhesion and motility, which are processes required for physiological migration and metastatic spread of tumor cells.
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![PDGF receptor stimulation induces actin stress fiber disassembly and a decrease in focal adhesion complexes. NIH-3T3 cells were incubated for 16 h in 0.1% serum. After starvation, cells were incubated for 10 min with medium, or with PDGF (50 ng/ml), or with LPA (10 ng/ml), or with a combination of LPA (10 ng/ml) and PDGF (50 ng/ml). Cells were stimulated, fixed, and stained for filamentous actin using FITC-conjugated phalloidin and for paxillin distribution by indirect immunofluorescence. Images were collected by confocal microscopy. Paxillin images in PDGF-treated samples were overexposed to detect the low intensity peripheral focal adhesion complexes. The figure illustrates one representative experiment of five performed with similar results. Bar, 100 μm.](JCB0003012.f1){#F1}

![The PDGF-induced decrease in stress fibers is blocked by dominant negative mutants of Cdc42. (A) NIH-3T3 cells (2 × 10^5^) were transfected with cDNA encoding myc-N17-Rac (DN-Rac, 5 μg) or myc-N17-Cdc42 (N17-Cdc42, 5 μg; indicated) using calcium phosphate. Transfected cells were incubated for 16 h in medium containing 10% serum to allow exogenous protein expression, and then incubated for an additional 16-h period in medium containing 0.1% serum. Cells were stimulated as in [Fig. 1](#F1){ref-type="fig"}, fixed, and stained with FITC-phalloidin. Transfected cells (indicated by an arrow) were detected by simultaneous indirect immunofluorescence using anti-myc primary Ab. The figure illustrates that DN-Cdc42 blocks PDGF-induced stress fiber disassembly, whereas DN-Rac inhibits PDGF-induced lamellipodial extensions, enhancing detection of PDGF-induced filopodium-like structures. (B) 2 × 10^5^ NIH-3T3 cells were transfected with cDNA encoding GFP (2.5 μg) or with cDNA encoding GFP plus cDNA encoding DN-Rac (2.5 μg each). Cells were incubated as in A, and videos were filmed before and upon addition of PDGF (50 ng/ml) with images taken every 15 s using a Leica laser confocal microscope and TCS-NT software. The figure shows selected time points after PDGF treatment. One representative experiment of five performed with similar results is shown. Bars, 100 μm.](JCB0003012.f2){#F2}

![Increased p85α-PI3K regulatory subunit expression induces a decrease in actin stress fibers and adhesion complexes. (A) N-myc-p110-CAAX stable NIH-3T3 cells were prepared as detailed in Materials and Methods. Lysates of selected clones (200 μg/sample) were immunoprecipitated with anti-myc Ab, and the associated PI3K activity was tested in vitro as in [Fig. 3](#F3){ref-type="fig"} A. Two representative N-myc-p110-CAAX--positive clones (lanes 2 and 3) are shown. (B) NIH-3T3 stable transfectants expressing p110-CAAX, HA-p85α, or HA-p65^PI3K^ (indicated) were incubated in 0.1% serum for 16 h. Cells were subsequently fixed and stained for filamentous actin using FITC-conjugated phalloidin as in [Fig. 1](#F1){ref-type="fig"}. (C) Cells were treated as in B and stained for paxillin distribution by indirect immunofluorescence as in [Fig. 1](#F1){ref-type="fig"}. (D) NIH-3T3 cells preincubated in medium containing 0.1% serum were microinjected with different cDNAs (0.2 mg/ml) encoding HA-p65^PI3K^, HA-p85α, or HA-p65^PI3K^ plus cDNA encoding N-myc-wt-p110. Cells were incubated for 3 h and subsequently fixed and stained simultaneously with FITC-phalloidin and anti-HA Ab. Phalloidin staining is illustrated; microinjected HA-positive cells are indicated by an arrow. In the bottom right panel, HA staining is shown for the p85α sample. (E) NIH-3T3 cells were transfected with cDNA encoding either SH3Bcr mutant or p50α, and cells were incubated and stained as in [Fig. 2](#F2){ref-type="fig"}. Quantitation of fluorescence intensity of F-actin (in arbitrary units) in the indicated cross-sections is shown beneath the SH3Bcr and p50 panels. The figure illustrates one representative experiment of four performed with similar results. Bars, 100 μm.](JCB0003012.f4){#F4}

![Stimulation of fibroblasts with PDGF activates Cdc42. 1.7 × 10^6^ NIH-3T3 cells were transfected with 10 μg of control cDNA, cDNA encoding myc-wt-Cdc42, or myc-V12-Cdc42 (myc-v-Cdc42). After transfection, cells were incubated as in [Fig. 2](#F2){ref-type="fig"}. In A, PDGF-R stimulation (50 ng/ml) was performed for the indicated periods of time (in minutes). (A) Lysates were resolved in 12% SDS-PAGE (60 μg, lane), transferred to nitrocellulose, and membranes were blotted with anti-myc Ab (top). Alternatively, lysates were immunoprecipitated (300 μg/sample) using anti-myc Ab, and the PI3K activity associated with myc-Cdc42 was measured in vitro (bottom). (B) Cdc42 expression in the transfected samples (indicated) was analyzed as in A, or, alternatively, lysates (300 μg/sample) were passed through a GST-glutathione-Sepharose column (control) or a Pak-1-GST-glutathione-Sepharose column. The Myc-Cdc42 bound to the columns was examined by Western blot using anti-myc Ab. (C) Cells were transfected, starved, and stimulated for 5 min with PDGF and LPA (doses as in [Fig. 2](#F2){ref-type="fig"} C). Cell lysates were processed as in B. Specific wt-Cdc42 binding to Pak-1 columns is seen in PDGF-stimulated cells. The figure illustrates one representative experiment of three performed with similar results.](JCB0003012.f3){#F3}

![Expression of the p85α regulatory subunit of PI3K inhibits LPA and v-Rho--induced stress fibers. (A) 2 × 10^5^ NIH-3T3 cells were transfected as in [Fig. 2](#F2){ref-type="fig"} with control cDNA, cDNA encoding HA-p85α, myc-v-Rho, or HA-p85α plus myc-v-Rho. Other cells (serum-starved) were microinjected with HA-p85α plus myc-DN-Cdc42 or with HA-p65^PI3K^ plus N-myc-wt-p110 plus myc-DN-Cdc42. After transfection, cells were incubated, serum-starved, and activated as in [Fig. 2](#F2){ref-type="fig"}. After microinjection, cells were incubated for 3 h before activation as in [Fig. 2](#F2){ref-type="fig"}. Cells were fixed and stained simultaneously with FITC-phalloidin (depicted) and with anti-myc or anti-HA Ab (indirect immunofluorescence, not shown) to detect positive transfected cells (indicated by an arrow). The figure represents one experiment of five performed with similar results. (B) Samples were transfected with wt-Cdc42 combined with control vector, vector encoding p85α, or vector encoding p65^PI3K^ (indicated). After transfection, cells were incubated as in [Fig. 2](#F2){ref-type="fig"}. Lysates were resolved in 10% SDS-PAGE (60 μg per lane), transferred to nitrocellulose, and membranes were blotted with either anti-p85 Ab (top) or anti-myc Ab (middle). Alternatively, lysates were immunoprecipitated (300 μg/sample) using anti-myc Ab, and the associated PI3K activity was examined as in [Fig. 3](#F3){ref-type="fig"} A. The figure illustrates one representative experiment of three performed with similar results. Bar, 100 μm.](JCB0003012.f5){#F5}

![N-WASP mediates the inhibition of actin stress fibers induced by PDGF and by p85α. 2 × 10^5^ NIH-3T3 cells were transfected as in [Fig. 2](#F2){ref-type="fig"} with a total of 5 μg cDNA. Different combinations of vectors encoding HA-p85α, N-WASP, Δ-cof-N-WASP, and myc-v-Cdc42 were used (indicated). (A) 50 μg of lysates from cells transfected with cDNAs encoding control vector, or N-WASP, or Δ-cof-N-WASP were resolved by SDS-PAGE, transferred onto nitrocellulose, and examined by Western blot using anti-N-WASP Ab. (B) After transfection with the indicated plasmids, cells were cultured and activated as in [Fig. 2](#F2){ref-type="fig"}. Cells were subsequently fixed and stained simultaneously with FITC-phalloidin (depicted) and with anti-myc, anti-HA, or anti--N-WASP Ab (indirect immunofluorescence, not shown) to detect positive transfected cells (indicated by an arrow). Throughout the experiment, Δ-cof-N-WASP expression blocked stress fiber disassembly, which was induced by p85α, PDGF, or v-Cdc42. The figure illustrates one representative experiment of five performed with similar results. Bar, 100 μm.](JCB0003012.f7){#F7}

![The PI3K regulatory subunit controls PDGF-induced cytoskeletal changes. (A) NIH-3T3 cells were cultured 16 h in 0.1% serum and incubated for 1 h with 1 mM wortmannin before stimulation as in [Fig. 1](#F1){ref-type="fig"}. Cells were fixed and stained for filamentous actin using FITC-conjugated phalloidin. (B) NIH-3T3 cells were incubated for 16 h in 0.1% serum and microinjected with anti-p85-PI3K Abs or anti-p110β Abs (see Materials and Methods). Upon microinjection, cells were incubated for 45 min in serum-free medium before stimulation with PDGF and processing as in A. Microinjected cells, identified by immunofluorescence using Cy3 anti-rabbit Ig, are indicated by an arrow. (C) PAE cells expressing either wild-type PDGFβ-R or Phe740/Phe751 PDGFβ-R (indicated) were treated and examined as in [Fig. 1](#F1){ref-type="fig"}. The figure illustrates one representative experiment of three performed with similar results. Bar, 100 μm.](JCB0003012.f6){#F6}

![Actin cytoskeleton changes induced by PDGF stimulation or p85α expression in NIH-3T3 cells cultured on collagen. NIH-3T3 cells were cultured on collagen VI--coated plates. The samples (2 × 10^5^ NIH-3T3 cells) were transfected with different combinations of vectors encoding HA-p85α, Δ-cof-N-WASP, myc-wt-Cdc42, and myc-DN-Cdc42 (indicated). After transfection, cells were incubated in complete medium, starved, and subsequently activated as in [Fig. 2](#F2){ref-type="fig"}. (A) Cells were fixed and stained with FITC-phalloidin or, in the case of transfected cells stained simultaneously with FITC-phalloidin (depicted) and anti-myc, anti-HA, or anti-N-WASP Ab to detect transfected cells (indicated by an arrow). (B) Paxillin staining of NIH-3T3 cells cultured on collagen and transfected, starved, and treated as in A (indicated). The figure shows a representative experiment of four performed with similar results. Bar, 100 μm.](JCB0003012.f8){#F8}

![PDGF-induced fibroblast migration is blocked by expression of mutants interfering with the Cdc42/N-WASP pathway. (A) PDGF-induced migration of GFP transiently transfected NIH-3T3 cells was assayed in collagen VI--coated 96-well microchambers and quantitated by densitometry of the spots. Cell migration is expressed as a migration index and calculated as the x-fold increase over the negative control (unstimulated cells). Figure shows the mean of five experiments; SD is indicated. (B) Percent migration (induced by 10 ng/ml PDGF) of p110CAAX- or p85α stable transfectants compared with the migration of control stable transfectants (considered 100%). Figure shows the mean of three experiments; SD is indicated. (C) Percent migration (induced by 100 ng/ml PDGF) of cells transfected with a vector encoding GFP plus the different cDNAs (indicated), compared with the migration of control cells transfected only with cDNA encoding GFP (considered 100%). Figure shows the mean of four experiments; SD is indicated.](JCB0003012.f9){#F9}

![PDGF-PI3K--derived pathways that affect cytoskeletal organization and cell migration. Model illustrating the signaling pathways initiated by the PDGF-R that affect actin cytoskeleton and cell migration, including the previously described p110/PI3K activity--dependent Rac pathway, which promotes lamellipodial extensions and the novel p85-PI3K regulatory subunit-triggered Cdc42 pathway. Activation of the Rac pathway triggers a number of effectors, of which Por 1, inducing lamellipodium formation, and Pak, mediating inhibition of actin stress fibers in v-Rac and v-Cdc42--expressing cells, are indicated ([Lim et al. 1996](#Limetal1996){ref-type="bib"}; [Van Aelst et al. 1996](#VanAelstetal1996){ref-type="bib"}). Activation of the Cdc42 pathway also triggers a number of effectors of which, N-WASP promotes filopodia formation, and contributes to mediate the decrease in actin stress fibers and adhesion complexes induced by PDGF. Induction of both pathways control PDGF-induced cell migration on collagen.](JCB0003012.f10){#F10}
